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1. Introduction

As early as 1950, Pitler and Hurlich! noted that titanium alloys showed promise as armors
against small arms projectiles. By the early 1960s, Sliney? presented ballistic performance data
for the Ti-6Al-4V alloy that demonstrated significant weight reductions over steel armors for a
variety of small arms threats. Little follow-on work with larger threats was conducted due to the
prohibitive cost of the titanium.

Recently, the U.S. Army Tank-Automotive Research, Development, and Engineering Center,
Warren, MI, funded the Weapons and Materials Research Directorate of the U.S. Army Research
Laboratory, Aberdeen Proving Ground, MD, to complete a ballistic evaluation of thick titanium
plates with tungsten alloy and depleted uranium penetrators.> The U.S. Department of Interior
Bureau of Mines at Albany, OR, was funded to purchase 76.2- to 101.6-mm-thick Ti-6Al1-4V
plates manufactured to the common MIL-T-9046J* specification.

2. Background

In the work of Burkins et al.’, the adiabatic shear and spalling behavior of the Ti-6A1-4V alloy
were noted. The consequence of this behavior can be seen in figure 1, which shows how the
ballistic behavior is effected by the free back surface of a Ti-6Al-4V armor plate. Due to the
adiabatic shear and spall failure of the back face of titanium armor targets, an ~5%—-10% greater
thickness of titanium alloy can be perforated at the same velocity as compared to semi-infinite
titanium alloy.

Figure 2 shows an example of the severe back surface spalling that can occur in high-strength
titanium alloys. Fragments resulting from this ballistic event would increase system
vulnerability and result in damage to personnel and equipment behind the armor. This is a
concern should titanium alloy be used as a rear structural material for armored vehicles. The
intention of this study was to alleviate these problems and produce a titanium structural material
that was suitable for the inner structural element of a combat vehicle. The approach taken was to

1Pitler, R.; Hurlich, A. Some Mechanical and Ballistic Properties of Titanium and Titanium Alloys; 401/17; Watertown
Arsenal Laboratory: Watertown, MA, March 1950 (ADA 951655).

2Sliney, J. Status and Potential of Titanium Armor,; Proceedings of the Metallurgical Advisory Committee on Rolled Armor;
AMRA MS 64-04; U.S. Army Materials Research Agency: Watertown, MA, January 1964 (AD 354853).

3 Burkins, M.; Paige, J.; Hansen, J. A Ballistic Evaluation of Ti-6A1-4V vs. Long Rod Penetrators; ARL-TR-1146; U.S. Army
Research Laboratory: Aberdeen Proving Ground, MD, July 1996.

AMIL-T-90467. Military Specifications—Titanium and Titanium Alloy (Sheet-Strip-Plate) 1993.
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Figure 1. Comparison of penetration and perforation behavior of rolled
homogeneous armor (RHA) and Ti-6Al-4V armor materials.

Figure 2. Severe spall of unconfined back surface due to ballistic
impact on finite thickness titanium armor plate.



develop metallic laminates composed of titanium alloy plates with a backing plate of a dissimilar
material to suppress the adiabatic shear failure and back face spalling.

3. Materials and Processing

The Ti-6Al-4V material used in all phases of the program was purchased to the military
specification, MIL-T-9046J. Chemistries and typical properties can be found in Burkins et al.?
The monolithic titanium alloy armor thickness was fixed at 38.1 mm. In the laminate armor
tests, the thickness of the Ti-6Al-4V front plate was fixed at 31.75 mm and the rear plate at 6.35
mm for the same total thickness of 38.1 mm. All the plates had 304.8- x 304.8-mm lateral
dimensions.

Three different backing plate materials were chosen for the bimetallic laminates: aluminum
(1100), RHA steel, and commercially pure titanium (C.P.). These material combinations
provided a wide range of strengths, toughnesses, densities, and metallurgical compatibilities with
the Ti-6Al-4V armor front plate. Two methods were chosen for fabrication of the laminates:
explosive welding and hot isostatic pressing (HIP).

Explosive welding is a solid state welding process, which uses controlled explosive detonations
to force two or more metals together at high velocities (figure 3). It has the advantage of
effectively scrubbing clean both metal surfaces during the joining process. Because the time
durations are so short, the reaction zones are extremely small with a correspondingly small heat
effected zone. Because the base metals remain at near ambient temperatures, the formation of

Detonation products Explosive

Clad metal
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Plasma jet

Explosive walding Js a sofid-state
nelding process thal uses con-
trolled expiosive detonations

fu force hwo oF Mare meta's
logathar at hinh pressures.

Figure 3. Schematic of explosive welding process.



brittle intermetallics is suppressed. This technique was used to join all the combinations of
materials used in the bimetallic laminates.

HIP, figure 4, was chosen as an alternative to explosive bonding for joining the titanium alloy to
the commercially pure titanium due to the compatibility of the two materials. HIPing is a solid
state diffusion process carried out at high temperature and pressure. To join the titanium alloy
and C.P. titanium, the materials were processed in the HIP press for 2 hr at 900 °C and 15-ksi
pressure. HIP bonding offers the advantage of no explosives, and there is an industrial capability
to produce parts in sizes suitable for combat vehicles.

6.35mm
Rear Plate

Seal Weld Edges

31 . 75mm
Front Plate
(TMi-B6Al-4V)

Desqrease/E tched
urfaces

Figure 4. Sketch of 20-mm fragment simulating projectile (FSP).

4. Test Methodology

Ballistic limit velocities were determined at 0° obliquity to the target surface. Limit velocity
perforation testing involves varying the impact velocity against a single thickness of plate and
determining the minimum velocity necessary for perforation. The limit velocity (Vi) is defined
as the critical velocity at which the target is just perforated (i.e., the residual velocity is zero).
The Vi was calculated averaging the highest partial and lowest complete penetration velocity.

The penetrator chosen for the evaluation was the standard 20-mm FSP shown in figure 5. This
projectile was selected because the geometry of the nose tends to emphasize the spalling and
plugging behavior of the materials.

The penetrators were fired from a laboratory gun consisting of a 37-mm breech assembly with a
26-mm smoothbore barrel. A custom-built polypropylene sabot system was used to launch the
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Figure 5. Comparison of limit velocity performance of candidate titanium
laminates vs. the weight equivalent monolithic titanium armor plate.

projectiles. The target was positioned 1.5 m downrange from the muzzle of the gun. The
propellant weights were adjusted from shot-to-shot to achieve desired striking velocities.

For this test penetrator, the performance of the modified titanium plates was compared to the 0°
obliquity baseline performance of monolithic Ti-6Al-4V armor of the same weight or areal
density. Comparisons were based on the areal density of the candidate armor material needed to
defeat the projectile at a given striking velocity. Areal density is defined as the thickness of
material perforated (or depth penetrated) times the density of this material.

5. Results

A series of shots were fired into each laminate combination to obtain the ballistic limit velocity.
Figure 6 shows the ballistic limit velocity, Vi, for each of the targets plotted as a function of
their areal densities. Based on the data of Burkins et al.,” the solid diagonal line represents the
V. of solid titanium alloy as a function of plate thickness or areal density. For the laminate
armor data points lying above the diagonal, performance exceeds that of the monolithic titanium
plate. For data points below the diagonal, the performance of the laminates are inferior to the
monolithic plate. Both joining techniques show that the combination of Ti-6Al-4V laminated to
C.P. Ti performs better than the monolithic titanium alloy on a weight basis. Both the Al and
RHA laminates show performance decrements on a weight basis. The combination of HIP
pressing and a laminate of titanium alloy and C.P. titanium shows a 5%—10% improvement in
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Figure 6. Comparison of limit velocity for titanium laminates and
Ti-6A1-4V alloy.

the VL. This improvement is the same magnitude as the loss in going from semi-infinite
penetration to finite plate perforation shown in figure 1.

Each of the targets was sectioned through the penetration channel to observe the integrity of the
bond between the front and back plate and the degree of spalling produced. Figure 7 shows the
penetration channel for the best performer, the Ti-6A1-4V/C.P. Ti. Note the absence of a spall
ring as compared to figure 2 and the absence of any delamination of the layers. Similar

Figure 7. Typical penetration channel through HIP-bonded Ti-6Al1-4V
laminate. Penetration direction is top to bottom.



observations were made on each of the combinations of materials. Figure 8 shows the diameter
of the spall ring for each bimetallic laminate material tested. Again, the HIP bonded laminate of
titanium alloy and C.P. Ti was the best. The maximum diameter of the penetration channel was
approximately the diameter of the original projectile, nearly eliminating secondary lethality
effects from spall behind the armor.
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Figure 8. Spall cone diameters for titanium and titanium laminates
impacted by 20-mm FSPs.

6. Conclusions

Laminated titanium armor designs offer enhanced performance of the baseline monolithic Ti-
6Al-4V alloy and identifies the advantages of using these bimetallic laminates as rear structural
elements of an armored vehicle. Two joining techniques were investigated. Of the two, HIP
bonding of Ti-6Al1-4V to C.P. Ti had the best combination of ballistic performance and spall
suppression. HIP bonding is an existing commercially available process with the capability to
bond sections large enough for combat vehicles.

Results to date address only one possible combination for the laminate: a biplate with fixed
thicknesses of each component. Planned future efforts will examine different thickness ratios
and multiple layer schemes.
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FORT HALSTEAD SEVEN OAKS
KENT TN14 7BP

UNITED KINGDOM

DEFENCE RSCH ESTAB SUFFIELD
C WEICKERT

BOX 4000

MEDICINE HAT ALBERTA TIA 8K6
CANADA

DEFENCE RSRCH ESTAB VALCARTIER
ARMAMENTS DIVISION

R DELAGRAVE

2459 PIE X1 BLVD N

PO BOX 8800

CORCELETTE QUEBEC GOA 1RO
CANADA

TDW

M HELD

POSTFACH 1340

D 86523 SCHROBENHAUSEN
GERMANY
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DEUTSCH FRANZOSISCHES
FORSCHUNGSINSTITUT SAINT LOUIS
H ERNST

K HOOG

H LERR

CEDEX 5 RUE DU GEN CASSAGNOU
F 68301 SAINT LOUIS

FRANCE

DIEHL GMBH AND CO

M SCHILDKNECHT
FISCHBACHSTRASSE 16

D 90552 ROTBENBACH AD
PEGNITZ

GERMANY

DYNAMEC RESEARCH AB
A PERSSON

PO BOX 201

S-151 23 SODERTALIJE
SWEDEN

ETBS DSTI

P BARNIER

M SALLES

B GAILLY

ROUTE DE GUERAY
BOITE POSTALE 712
18015 BOURGES CEDEX
FRANCE

EMBASSY OF AUSTRALIA
COUNSELLOR DEFENCE SCIENCE
1601 MASSACHUSETTS AVE NW
WASHINGTON DC 20036-2273

FEDERAL MINISTRY OF DEFENCE
DIR OF EQPT & TECH LAND

RUV 2

D HAUG

L REPPER

POSTFACH 1328

53003 BONN

GERMANY

14
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FRANHOFER INSTITUT FUR
KURZZEITDYNAMIK
ERNST MACH INSTITUT

V HOHLER

E STRASSBURGER

R THAM

K THOMA

ECKERSTRASSE 4

D 79 104 FREIBURG
GERMANY

MINISTRY OF DEFENCE
DGA SPART

C CANNAVO

10 PLACE GEORGES CLEMENCEAU
BP19

F 92211 SAINT CLOUD CEDEX
FRANCE

HIGH ENERGY DENSITY RSRCH CTR
V FORTOV

G KANEL

IZHORSKAYA STR 13/19

MOSCOW 127412

RUSSIAN REPUBLIC

INGENIEURBURO DEISENROTH
F DEISENROTH

AUF DE HARDT 33 35

D 5204 LOHMAR 1

GERMANY

INST OF CHEMICAL PHYSICS
S RAZORENOV

142432 CHERNOGOLOVKA
MOSCOW REGION

RUSSIAN REPUBLIC

INSTITUTE FOR PROBLEMS IN
MATERIALS SCIENCE

S FIRSTOV

B GALANOV

O GRIGORIEV

V KARTUZOV

V KOVTUN

Y MILMAN

V TREFILOV

3 KRHYZHANOVSKY STR
252142 KIEV-142 UKRAINE
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1

INSTI FOR PROBLEMS OF
STRESS

G STEPANOV
TIMIRYAZEVSKAYA STR 2
252014 KIEV

UKRAINE

INST OF MECH ENGINEERING
PROBLEMS

V BULATOV

D INDEITSEV

Y MESCHERYAKOV
BOLSHOY 61 VO

ST PETERSBURG 199178
RUSSIAN REPUBLIC

IOFFE PHYSICO TECH INST
E DROBYSHEVSKI

A KOZHUSHKO

ST PETERSBURG 194021
RUSSIAN REPUBLIC

K&W THUN

W LANZ
ALLMENDSSTRASSE 86
CH 3602 THUN
SWITZERLAND

MAX PLANCK INSTITUT FUR
EISENFORSCHUNG GMBH

C DERDER

MAX PLANCK STRASSE 1
40237 DUSSELDORF
GERMANY

NATIONAL DEFENCE HEADQUARTERS

PMO MRCV MAJ M PACEY
PMO LAV A HODAK
OTTOWA ONTARIO KIA OK2
CANADA

R OGORKIEWICZ

18 TEMPLE SHEEN
LONDON SW 14 7RP
UNITED KINGDOM

OTO BREDA

M GUALCO

VIA VALDIOCCHI 15
119136 LA SPEZIA
ITALY

15
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RAPHAEL BALLISTICS CENTER
M MAYSELESS

Y PARTOM

G ROSENBERG

Z ROSENBERG

Y YESHURUN

BOX 2250

HAIFA 31021

ISRAEL

RSRCH INST OF MECHANICS
NIZHNIY NOVGOROD STATE UNIV
A SADYRIN

PR GAYARINA 23 KORP6

NIZHNIY NOVGOROD 603600
RUSSIAN REPUBLIC

ROYAL MILITARY ACADEMY
E CELENS

RENAISSANCE AVE 30

B 1040 BRUSSELS

BELGIUM

ROYAL NETHERLANDS ARMY
JHOENEVELD

V D BURCHLAAN 31

PO BOX 90822

2509 LS THE HAGUE
NETHERLANDS

DEFENCE MATERIEL ADMIN
WEAPONS DIRECTORATE

A BERG

S 11588 STOCKHOLM
SWEDEN

SWEDISH DEFENCE RSRCH ESTAB
VISION OF MATERIALS

S JSAVAGE

J ERIKSON

S 172 90 STOCKHOLM

SWEDEN

SWEDISH DEFENCE RSRCH ESTAB
L HOLMBERG

B JANZON

I MELLGARD

BOX 551

S 147 25 TUMBA

SWEDEN
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TECHNION INST OF TECH
FACULTY OF MECH ENGRG
S BODNER

TECHNION CITY

HAIFA 32000

ISRAEL

TECHNISCHE UNIVERSITAT
CHEMNITZ ZWICKAU

A SCHROEDTER

L KRUEGER

L MEYER

POSTFACH

D 09107 CHEMNITZ
GERMANY

TNO PRINS MAURITS LAB
H PESKES

R IJSSELSTEIN

LANGE KLEIWEG 137

PO BOX 45

2280 AA RIJSWIJK

THE NETHERLANDS

CENTRE DE RECHERCHES
ET D'ETUDES D'ARCUEIL
D BOUVART

C COTTENNOT

S JONNEAUX

H ORSINI

S SERROR

F TARDIVAL

16 BIS AVENUE PRIEUR DE
LA COTE D'OR

F 94114 ARCUEIL CEDEX
FRANCE

MORGAN MATROC

C ROBERTSON

ST PETERS RD RUGBY
WARWICKSHIRE CV 21 3QR
UNITED KINGDOM

SNPE

P FABRE

C GAUDIN

C GOUZOUGUEN

BP NO 2

91710 VERT LE PETIT
FRANCE

16

NO. OF
COPIES

ORGANIZATION

1

CDR EUROPEAN RSCH OFFICE
USARDSG (UK)

S SAMPATH

PSC 802 BOX 15

FPO AE 09499-1500



